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Notation 

A.B.C 

-  constant* 

•4 

a 

-  modulua  of  defined  by  equation  (10) 

• 

c 

-  chord  length 

£ 

-  length  of  cavity  in  plane 

-  length  of  cavity  in  z-piane 

' 

c 

p 

-  pressure  coefficient,  equation  (24) 

i 

C  L 

-  lift  coefficient,  equation  (24a) 

i 

.  VT 

K 

-  cavitation  number,  equation  (1) 

P 

-  pressure 

t 

-  semi-circle  plane 

# 

u 

-  velocity  component  in  x-direction 

V 

-  velocity  component  in  y-direction 

V 

-  modulus  of  velocity  vector 

! 

> 

w 

-  u-iv,  complex  velocity  function 

\ 

x.y 

-  coordinates  of  physical  plane 

z 

-  x  +  iy 

ot 

-  flow  angle  with  respect  to  chord 

F 

-  stagger  angle 

1 

-  defined  by  equation  (10) 

vl’»l 

-  defined  by  equation  (18c) 

Vn2 

-  defined  by  equation  (19c) 

r 

-  transformation  plane 

r 

-  solidity  c/2ir 

<>1 

-  denotes  upstream  conditions 

denote*  downstream  conditions 
mean  conditions 
perturbation  quantities 
complex  conjugate  quantity 


Flow  Past  a  Partially  Cavitating  Cascade  of  Flat  Plate 
Hydrofoils 

1 .  Introduction 

This  report  deals  with  the  non-viscous,  steady  cavitating 
flow  through  a  cascade  of  flat  plate  hydrofoils  in  two  dimensions. 

The  usual  assumptions  of  incompressibility  and  ir rotationality  are 
made . 

The  motivation  for  this  investigation  is  the  present  day 
interest  in  the  high  speed  performance  of  lifting  surfaces,  such  as 
in  hydroplane  boats  and  the  behavior  of  propellors  operating  under 
cavitating  conditions.  A  further  area  of  interest  is  that  of  turbo¬ 
machinery.  The  demand  for  smaller,  more  compact  pumps  and 
turbines,  for  any  given  performance,  necessitates  operation  at 
higher  speeds  giving  rise  to  cavitation  conditions.  Hence  the 
problem  at  hand  is  not  only  of  theoretical  interest  but  is  of 
practical  importance. 

The  problem  of  the  fully  wetted  cascade  has  been  ex¬ 
tensively  treated,  and  can  be  found,  for  example,  in  a  paper  of 
Garrick^  ^  and  in  standard  texts  such  as  Robinson  and  Laurmann.^^ 
The  case  of  cavitating  flow  through  a  cascade  of  flat  plates  with 
infinitely  long  cavities  was  first  treated  by  Betz  and  Petersohn 
using  the  classical  hodograph  method  for  free  streamline  flow 
attributed  to  Helmholtz. 

* 


Numbers  in  parentheses  refer  to  the  references  at  the  end  of  the 
text. 
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In  dealing  with  cavitating  cascade  flows,  hodograph 

methods  became  somewhat  unwieldy,  and  this  has  led  to  the  use  of 

linearized  methods  for  solving  these  problems.  This  method,  first 

used  by  Tulin^  assumes  that  the  cavity-body  system  forms  a  slender 

body  and  that  a  perturbation  technique  similar  to  that  used  in  thin 

airfoil  theory  may  be  used.  The  use  of  the  linearized  method  leads 

to  the  solution  of  a  mixed  boundary  value  problem.  The  use  and 

(41 

application  of  this  method  is  well  illustrated  by  Parkin.  ' 

The  first  published  paper  on  linearized  cavity  flows  through 
cascades,  was  by  Cohen  and  Sutherland.  ^  They  dealt  with  the 
problem  of  arbitrarily  shaped  hydrofoils  with  finite  cavities,  longer 
than  the  chord  length.  However,  only  results  for  the  flat  plate  are 
presented  in  their  paper.  Subsequently,  Acosta  and  Hollander^  dealt 
with  the  partial  cavitation  in  a  cascade  of  semi-infinite  flat  plates. 

This  problem  was  recently  treated  using  a  hodograph  method  by 
Stripling  and  Acosta^  but  no  formal  comparison  was  made  between 
the  two  methods.  Acosta1  '  also  considered  the  case  of  the  fully 
choked  cascade  of  circular  arc  hydrofoils.  A  comparison  was  made 
with  the  results  of  the  linearized  method  with  those  obtained  by  Betz 
and  Petersohn;  generally,  a  good  agreement  was  found. 

In  the  region  where  the  cavity  is  less  than  the  chord  length, 
no  results  have  been  published  to  the  knowledge  of  the  author,  for 
cascade  flows.  This  case  would  provide  a  complete  picture  as  to  the 
behavior  of  these  flows  over  the  entire  range  from  the  fully  wetted  to 
the  fully  choked  conditions. 
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II.  Formulation  of  Problem 

At  illustrated  in  Figure  1,  the  cascade  consists  of  an 
infinite  array  of  flate  plate  hydrofoils  having  a  stagger  angle  /9  .  The 
chord  length  of  each  blade  is  c  and  the  spacing  of  the  hydrofoils  in 
the  direction  of  the  stagger  angle,  is  taken  as  2«.  Hence  the  solidity, 
=  c/2it. 


The  flow  approaches  the  cascade  with  velocity  Vj  at  an 
angle  of  attack  a.j.  The  flow  is  turned  by  the  cascade  so  that  far 
downstream  the  flow  velocity  is  at  an  angle  ^  to  blade  chord. 
The  cavities  spring  from  the  leading  edge  and  terminate  on  the  upper 
surface  of  each  hydrofoil.  In  keeping  with  the  linearized  theory  the 
thickness  of  the  cavity  is  assumed  small  compared  with  the  blade 
spacing  2w.  The  boundary  conditions  on  the  free  streamline  of  the 
cavity  are  then  applied  along  the  real  axis,  as  are  the  conditions  on 
the  wetted  surface  of  the  hydrofoils. 


The  velocity  field  is  now  considered  as  a  perturbation  about 

the  velocity  V^.  Although,  in  the  neighborhood  of  the  cascade  a  more 

natural  characteristic  velocity  would  be  the  vector  mean  velocity  V  . 

7  m 

it  is  found  more  convenient  to  adopt  V^,  as  is  undetermined  a  priori, 
since  it  depends  on  V In  the  calculation  of  the  lift  coefficient,  however, 
the  angle  which  the  vector  mean  makes  with  the  blades,  viz. .  . 

is  used  so  as  to  bring  it  in  line  with  fully  wetted  cascade  flows. 

The  governing  parameter  in  cavity  flows  is  the  cavitation 
number  K  defined  as 


K  = 


Pl’Pc 
1  oxr  2 
r  fvi 


(!) 
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where  Pj  i«  the  pressure  at  upstream  infinity  and  pc  is  the  cavity 
pressure«  which  is  a  constant.  Since  the  velocity  is  defined  at  any 
point  as 


V  =  <u.  v)  =  ( Vj+  u',  v')  (2) 

where  u\  v'  are  perturbation  components  assumed  small,  compared  to  Vj 
we  obtain  by  the  use  of  Bernoulli's  equation 
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However,  neglecting  the  squares  of  u',  v'  compared  with  ,  this 
becomes  2u  1 


On  the  wetted  portion  of  the  hydrofoils,  v®0,  i.e.,  there  is  no  flow 
through  the  blades.  A  further  condition  that  has  to  be  met,  is  the 
closure  condition  which  requires  that  the  cavity-body  system  form  a 
closed  body.  This  condition  can  be  expressed  as 


£  dy  -  o  (3) 

body 


The  above  conditions,  together  with  the -requirement  that  the 
velocity  be  finite  at  the  trailing  edge,  enable  a  unique  solution  for  the 
problem  to  be  determined. 

Hence  the  conditions  to  be  satisfied  are: 

(a)  v  =  0  on  the  wetted  portion  of  hydrofoil 

(b)  uc=  Vj(l+  j  )  on  the  cavity 

-i*. 

(c)  V  =  V^e  1  at  upstream  infinity 
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(d)  the  closure  condition,  viz.  , 


body 

(e)  V  is  finite  at  the  trailing  edge. 

These  conditions  are  sufficient  to  determine  the  velocity 
function  at  every  point  including  the  downstream  conditions  where 


Before  proceeding  to  solve  the  boundary  value  problem  we 
derive  the  following  simple  relations  from  continuity  considerations. 
The  velocity  triangle  is  as  follows 


From  this  diagram  we  obtain 

Vm8in(*m+'8)  =  J  [visin(cc1+/3)+  V2sin(«2+  /J)] 

vrr}c°8(otrr)+  /9)  =  Vjcosfctj+j®)  =  V2cos(<*2+/3)  (4) 

from  which  we  get 

tan(*m+  =  F  [*"»(*!+ 1»)  +  tan(«2+^3 )^j 


(5) 
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III,  Transformation  Functions 


Consider  the  transformation  function 


,3  ,  S 

lm  T  ‘T 

^e^in-i1  +.^in-i» 


(6) 


1  -  ■ 


1- 


■*2  Tl 

This  function  maps  the  multiple -connected  region  in  the 
z -plane  onto  the  5  -plane,  as  shown  in  Figures  2  and  3.  The  function 
has  branch  points  at  and  iR  the  J  -plane,  corresponding  to 
the  points  z  =  +oo,  respectively.  There  is  a  branch  cut  between  £ ^ 
and  Jf 2*  Hence  when  either  point  is  encircled  once,  the  argument 
of  z  changes  by  ±2ire^n^~  The  sign  depends  on  whether  the 
branch  point  is  encircled  clockwise  or  counter-clockwise.  Each 
Riemann  sheet  of  the  $  -plane  corresponds  to  the  flow  region  over 
a  different  hydrofoil.  Since  the  flow  is  periodic,  however,  the  function 
is  continuous  across  the  cut. 

The  point  £  =0  corresponds  to  the  point  z=0,  as  seen  from 
equation  (6).  Further,  when  £  is  real,  z  must  also  be  real,  as  it 
consists  of  the  sum  of  complex  conjugates.  When  £  tends  to  infinity, 
we  have  _ 


e  |n 


h  .  i(3  .  '2 


IT 


+  e  K|n 


rt 


(7) 


which  is  a  real  number. 

Since  £  =0  is  a  singular  point  of  the  transformation, 
dz/dj:  0  at  £  =0,  i.e., 
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V  h 


j 


+  e 


* 


i  *2 


=  0 


(8) 


If  we  require  that  the  trailing  edge  of  the  hydrofoil  map  into  the  point 
at  infinity,  then  we  must  have  dz/dy=0  at  J=  oo.  However, 


dz 

35 


must  -*  0 


1 

as  — r-  at 

J3 


1  — oo 


This  condition  therefore  gives 

e'i/S<jr  £»>  +  eW*<V  =  0 


Now  let 


i©l  i(  j  -fj) 

ij  =  rje  =  rle 

io2  i(f-f2) 

J2  =  r2e  =  r2e 


so  that 


V  «•>  =  **<fr  #2’ 
V"2--(*l+f2> 

With  this  notation,  equations  (8)  and  (9)  reduce  to 


(9) 


r1  cosly-^+^j) 
r2  cos(  j  -  p  -  <fz) 

l±  COB(?  +  ?2> 

r2  cos(  £  -  0  -  (pj) 


(8a) 


(9a) 
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For  these  two  equation*  to  be  compatible,  we  take  Q  jhence 

°1+  °2  =  * 

V  «2  «  -*? 

With  these  values,  either  equation  (8a)  or  (9a)  provides  an  equation 
for  Vy/r^.  Since  the  ratio  of  the  moduli  is  the  unknown,  we  are  free 
to  fix  one  of  the  moduli  arbitrarily.  Hence,  we  let  |  J  =  r\  ~  *  and 
$2  =  r2  =  a»  wher*  a  >  1.  Then  from  either  (8a)  or  (9a),  we  get 


tantf  =SfTtan/3  (10) 

The  transformation  is  now  completely  specified. 

Since  the  trailing  edge  corresponds  to  the  point  at  infinity, 
we  get  from  equation  (?) 

c  *  2  cos/)  £n  a  +  4<f  sin  p  (11) 

and  hence  the  solidity  r  is  given  by 

1  24 

0“=  — cos /»  ina  +  sin/3  (12) 


The  point  z  =  corresponding  to  the  end  of  the  cavity  is 
mapped  into  a  point  on  the  positive  real  axis  in  the  £  -plane,  £  =  A  , 
Thus,  using  the  above  notation  together  with  equation  (6),  we  get 


where 


A 

c 


=  4  cos/9  in 


+  2  sin/3 


Y 


r 


=  i  + 


=  i  + 


=  tan 


-1 


-2i  sin  <f 

/a*  +  2  ^  sin  ^ 

(a-l)lco*$+  i^sin2  0> 
a-(a-l)£sin  <f  +  A  co»Z<f 


(13) 
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We  now  transform  the  upper  half  J -plane  into  the  half  circle  t-plane, 
Figure  4.  To  achieve  this,  we  use  the  well  known  Joukowski  transfor¬ 
mation  in  the  following  form 

)  =  |  (t+  lT)  (14) 

In  the  t-plane  the  semi  unit  circle  represents  the  constant 
press  .re  cavity  surface  and  the  real  axis  outside  the  unit  circle 
represents  the  wetted  portions  of  the  hydrofoil.  The  leading  edge  is 
at  the  point  t  =  -1,  and  the  trailing  edge  at  t  =  ao . 

The  t-plane  is  used,  since  the  velocity  function  for  the  given 
boundary  conditions  shown  in  Figure  4  can  be  written  down  by  inspection. 


*V.  Solution  of  the  Boundary  Value  Problem 


The  velocity  function 


A  B  _ 
«  =  =  -r  +  -CT  +  C 


(15) 


where  A,  B,  and  C  are  real  constants,  satisfies  the  boundary  conditions 

for  suitable  values  of  A,  B  and  C.  This  function  corresponds  to  sources 

(or  sinks)  placed  at  the  leading  edge  and  at  the  end  of  the  cavity.  We 

now  apply  conditions  (a)  -  (d)  from  page  4. 

iO 

On  the  cavity,  via.,  t=e  ,  (u  ,v  )  =  (V.+ u  ',v  ')  ,  therefore 

c  c  i  c  c 


a  r . .  o  l  .  b  r  ,  e 

UC*1VC  =  T  1-1  tan  I  -  1  cot  I  -l 


hence 


u  = 
c 


A-B 


+  c 


+  c 


UC  =  vi(1  +  T  > 


but 


-10- 


thus 


vl(l  +  j-  )  =  ^|-+  C 


(16) 


Condition  (a)  ia  satisfied  by  equation  (15)  since  when  t  is  real, 
v=0.  Further,  condition  (e)  is  obviously  satisfied. 

To  apply  the  remaining  conditions,  it  is  more  convenient  to 
transform  equation  (15)  back  into  the  J -plane,  by  use  of  the  transfor¬ 
mation  function  (14).  Inverting  equation  (14)  we  get 


*•! 


<5- f )  + 


The  positive  root  is  taken  because  t  tends  to  infinity  as  £  tends  to 
infinity.  On  substitution  of  this  expression  into  equation  (15),  one  obtains 


v»(X)  =  t5-+c  -t 


(17) 


Now 


Applying  this  condition  to  equation  (17)  and  separating  the  resulting 

expression  into  real  and  imaginary  parts,  gives 

.  - 

A-B+C 


where 


[*•*■■] 


VjSin  «Cj 


sin^L 


■v  .  -I  l  cos 
r,  =  tan  .  *  "■ 

1  1-Xsin<y 


nj4  =  1+  jfc2-2Zsin  f 
Now,  applying  the  condition 


(18a) 


(18b) 


(18c) 


=  V2e 


11- 


we  get 


v2c°eot2 


=[¥+c]+c-^  [srA”j] 


.in!i 

V2*inlt2  =— f~ 


fe  +  A"2] 


where 


^  —  "1  4  cos  (f 

Y2  -  tan  TT  /ell  <f 

«2*  =  1  +  X^/a^  +  2i/a  ein  ^ 


We  finally  have  the  closure  condition,  vis. , 


(19a) 


(19b) 


(19c) 


(£  dy  =  0 

body 

which  reduces  to 

Im  pt  -y—  ^  w(z)dz  =  0 

*  body 

Since  w(z)  is  an  analytic  function  in  the  flow  region  around 
the  hydrofoils,  we  can  deform  the  contour  in  the  z-plane  to  the  contour 
P  shown  in  Figure  5.  Then,  symbolically  we  have 


The  contributions  from  the  other  parts  of  the  contour  cancel  due  to  the 
periodicity  of  w(z),  while  the  contributions  from  the  last  two  integrals 
in  the  above  expression,  are  zero.  Now 
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w(z)dz  =  2irVjie 

r  -h*2+<*) 

I  w(z)dz  =  -ZirV^ie 

Im  pt  w(z)dz  *  ^■|^V2coi(rf2+j»)-Vlco*(«c1+^)j  =  0 


hence 


body 

v1co»(«t1+  fl)  =  V2co*(«t2+/S) 


(20) 


This  is  the  same  result  as  already  obtained  by  continuity 
considerations  in  equation  (4).  Finally  we  have  the  following  equations 
to  solve: 

— C  s  Vj(l  +  y  ) 


T  _ 

a  n  COS  -J.  f  R 

jcoe*!  =  -y-  +  C  +  -Ani 

[t  -J 

[4  -,] 

[4  *  “■] 


.  Y 
sin  M_ 

Vlsin*l  =  — 


Y_ 

a.r  cos  2 

V2cosot  =  +  C  + - 


Bi  r  B 

V2sin«2  =-2^  |  -  +  An2 


VlCos(o(1+^)  =  V2cos(oc2+/}) 


After  considerable  manipulation  these  equations  reduce  to  the  following 
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tan 


G  + 


sinetj 


(21) 

(22) 


where 


sin«j 

,in«2 


(23) 


Equation  (21)  gives  us  a  relation  between  the  cavitation  number  and  the 
cavity  length  Z^.  If  we  consider  the  limit  as  the  solidity  tends  to 
infinity,  this  equation  reduces  to  the  expression  obtained  by  Acosta 
and  Hollander,  ^  for  the  case  of  semi-infinite  flat  plates.  Further 
details  are  given  in  Appendix  1. 

We  now  calculate  the  lift  force  acting  on  the  hydrofoil.  As 
mentioned  previously,  we  will  here  adopt  a  slightly  different  per¬ 
turbation  procedure,  so  that  a  comparison  may  be  made  with  the  fully 

wetted  case.  We  use  the  vector  mean  velocity  V _  as  reference  velocity. 

m 

The  element  of  force  acting  on  the  blade  is 
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dF  =  (p-pm)dx 


F  =  <j)  (P-Pm)dx 

body 

Defining  the  presaure  coefficient  c^  aa 

P-P_ 

m 

C|>  "  I  f  Vm4 


and  the  lift  coefficient  aa 


CL’lfVm*C 


we  obtain 


C.  =  —  <6  c  dx 

L  c  y  p 

body 

Uaing  Bernoulli'*  equation  thia  become! 


(24) 


(24a) 


CL  = 


7  § 

L  .  m 


body 


which  reducea  to 


CL  = 


-  Re  pt  £  w(a)dz 

ni  i _ 


body 


on  the  body.  Carrying  out  the  indicated  procedure  in  an  identical 
way  aa  previoualy  performed  for  the  cloaure  condition  we  obtain 


CL  =  "cV 


m 


VjBinftfj+z*)  -V2ain(«2+|g)J 


By  the  uae  of  equationa  (5),  (20)  and  (23),  we  can  eliminate 
and  ct2  in  the  above  expreaaion,  and  deduce  the  following: 


c  =-  — L_ 

L  r  coa^j 


rf  •> 

lF' 


am  « 


m 


(25) 
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As  D,  E  are  functions  of  t  ,  the  cavity  length  in  the  £  -plane,  this 
expression  can  be  used  to  obtain  the  limiting  case  for  the  fully  wetted 
cascade,  i.e.,  when  £  tends  to  zero.  This  is  carried  out  in  Appendix 
II.  The  result  reduces  to  that  of  the  well  known,  fully  wetted  solution, 
viz.  , 

A  I  I  _  1  I 

sin  a  (26) 


= ±  r 

'  T  cospl  a+1 


m 


A  further  limiting  assumption  in  the  linearized  theory  is  that  the  angle 
of  attack  is  small.  If  second  order  powers  of  ot  are  neglected, 
equations  (21),  (22),  (23),  and  (24)  reduce  to 


K  F 

T*j  =  F 


*2  = 


G  +  id*  £  ) 


v  /V  =  —  -1 

V2/Vl  D  ‘  k2 


C  =1  _L_ 

L  T  coop 


rf->' 


m 


(21a) 

(22a) 


(23a) 


(25a) 


From  these  equations,  the  results  shown  in  Figures  6-28  were 
obtained. 


V.  Computational  Procedure 

The  numerical  calculations  were  conducted  on  a  computer 
and  the  general  method  of  computation  is  outlined  below. 

For  a  given  cascade  geometry,  viz.,  <T  and  ,  the  value 
of  a  and  were  determined  by  the  simultaneous  numerical  solution 
of  equations  (10)  and  (12).  With  these  values,  the  functions  D,  E,  F, 
and  G  were  evaluated,  for  values  of  X  ,  ranging  from  zero  to 
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approximately  two  hundred;  thia  latter  figure  giving  a  value  of  0.99 
for  c.  The  ratio  .^/c  can  be  found  from  equation  (13).  Having 
determined  these  quantities,  the  values  of  K/2*j,  V^/Vj  and 

are  found  for  various  angles  of  attack  «-j.  The  process  is  repeated 
for  various  stagger  angles  /i  ,  holding  or  constant.  This  final 
parameter  O'  is  then  varied  and  the  above  procedure  repeated.  The 
range  of  values  considered  is  given  below  in  Table  1. 


Parameter 

Range 

Solidity 

Stagger  angle 

Angle  of  attack 

0.25  to  1.25 

-75°  to  +7  5° 

1°  to  6° 

Table  1 

The  Fortran  program  used  in  the  computation  of  the  results 
is  given  in  .Appendix  III.  This  program  is  incorporated  so  that,  if 
required,  the  data  may  be  extended  for  other  values  of  the  parameters. 

The  data  cards  for  the  program  have  a  format  as  given  by 
statements  14  and  15.  Statements  133  through  100  give  the  numerical 
method  adopted  for  the  simultaneous  solution  of  equations  (10)  and 
(12)  to  obtain  a  and  cf>  .  The  remainder  of  the  program  deals  with 
the  evaluation  of  the  required  data. 

It  should  be  noted  that  for  the  case  of  f3  -  0,  the  numerical 
solution  adopted  for  the  solution  of  equations  (10)  and  (12)  breaks  down, 
and  the  program  has  to  be  slightly  modified  to  accommodate  this  case. 
For  (5  =0,  the  above  equations  can  be  solved  explicitly,  hence  state¬ 
ments  133  through  100  may  be  omitted.  The  remainder  of  the  program 
is  essentially  the  same  though  somewhat  simplified. 
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VI,  PitcuMion  of  Fesults 

Figure*  6-10  illustrate  the  relation  between  the  cavity 

length  and  the  cavitation  number,  for  various  geometries.  The  case 

of  the  isolated,  partially  cavitating  flat  plate  is  also  shown  on  each 

graph.  The  values  for  this  case  were  obtained  from  reference  (9). 

It  is  of  interest  to  note  that  a  feature  of  the  linearized  theory  is  the 

fact  that  after  a  certain  value  of  -lc/c  the  theory  predicts  two  different 

cavity  lengths  for  each  cavitation  number.  This  is  apparent  from 

figures  6  -  10.  Since,  in  any  case,  the  linearized  assumption  that  the 

cavity -hydrofoil  system  forms  a  slender  body  would  not  be  met  for 

large  values  of  i.^1  c,  it  is  assumed  that  the  validity  of  the  theory 

only  holds  good  for  values  of  JL  lc  <  4  I c  minimum. 

c  c 

This  behavior  is  to  be  expected  due  to  the  cavity  model 
chosen,  which  places  a  singularity  at  the  end  of  the  cavity.  However, 
comparing  the  results  with  that  of  the  isolated  hydrofoil,  we  see  that 
this  range  of  validity  is  increased  in  the  case  of  the  cascade.  It  would 
seem  that  the  cascade  effect  has  the  property  of  reducing  the  strength 
of  the  singular  behavior  at  the  cavity  end.  This  is  further  illustrated 
by  the  fact  that  as  the  solidity  increases  the  range  is  extended,  until 
at  solidities  greater  than  0.75,  a  single  valued  function  is  obtained 
over  almost  the  entire  chord  length  for  positive  values  of  stagger  angle. 
In  the  case  of  negative  stagger  angles,  corresponding  to  the  case  of  a 
turbine,  as  distinct  from  positive  values  of  p  which  correspond  to  a 
pump,  we  see  that  there  is  still  a  region  where  the  function  is  double 
valued.  Physically,  this  is  to  be  expected,  since  the  effect  of  the 
neighboring  blades  is  now  no  longer  as  effective  near  the  cavity  end. 
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It  is  seen  that  there  is  a  large  difference  between  the  cavity 
geometry  in  cascade,  compared  with  that  of  the  isolated  case,  even  for 
small  solidities.  However,  this  comparison  is  not  entirely  justified 
as  the  value  of  K/2«^  is  based  on  the  upstream  angle  of  incidence.  In 
the  case  of  the  cascade,  a  more  natural  angle  to  adopt  is  that  of  the 
mean  velocity  vector  V 

m 

Further,  the  curves  at  first  glance  seem  to  indicate  that 

the  cavity  length  for  a  given  cavitation  mmber  at  negative  stagger 

angles  is  less  than  that  of  an  isolated  hydrofoil,  even  at  low  solidity. 

This  surprising  effect,  however,  is  due  once  again  to  the  choice  of 

the  upstream  conditions  as  a  reference.  If  the  mean  conditions  are 

taken  as  reference,  the  curves  for  negative  stagger  angles  will  be 

raised  above  that  for  the  isolated  case  and  those  corresponding  to 

positive  stagger  angles  remain  below  it  as  would  be  expected.  If  the 

curves  are  based  on  this  angle,  therefore,  a  better  comparison  is 

achieved.  This  is  clearly  illustrated  in  Figures  11  and  12  where  f,»e 

cavitation  number  is  referred  to  the  mean  angle  «■  . 

m 

There  is  still  a  significant  difference  for  all  values  of  /3 
having  solidities  of  0.5  and  greater.  It  therefore  seems  that  the 
cascade  effect  is  not  very  pronounced  for  solidities  up  to  0.  5  provided 
the  stagger  angle  is  within  the  range  -30°  to  +60°. 

Figures  13  and  14  illustrate  a  further  representation.  Here 

the  value  of  K  / 2of  is  plotted  against  Ji  /c,  where  KL  is  defined  as 
mm-  c  m 


K 


P  'P 
rm  rc 


m 


7fv 


m 
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which  to  first  order,  reduces  to 

Km  =  K  +  (l+K)«1-«2)tan  p 

with  the  help  of  Bernoulli's  equation. 

It  is  seen  from  these  graphs,  that  for  low  solidity  the 

curves  lie  very  close  to  that  of  the  isolated  case,  for  all  values  of  (1  . 

This  representation,  however,  indicates  the  opposite  effect  to  that 

using  viz.,  that  cavity  lengths,  for  constant  cavitation  number, 

are  longer  for  positive  stagger  angles  than  the  isolated  hydrofoil, 

even  at  low  solidity.  Consequently,  it  seems  that  the  parameter 

K/2oc  is  the  most  natural  one  to  use. 
m 

A  disadvantage  of  using  these  alternative  forms  is  the  fact 
that  they  depend  on  otj,  whereas  the  value  of  K/2CK.J  is  independent  of 
the  angle  of  attack  oi  j  and  thus  facilitates  presentation  immensely. 

Figures  15  to  ZZ  show  the  variation  of  force  coefficient  with 
cavitation  number  for  varying  cascade  geometry.  It  is  significant 
that  the  force  coefficient  is  little  changed  over  the  range  -SO**  |3  <  +30° 
for  a  constant  solidity.  Since  the  linearized  theory  breaks  down  for 
large  stagger  angles,  this  effect  is  to  be  expected.  The  breakdown  of 
the  linearized  theory  is  due  largely  to  the  fact  that  at  large  stagger 
angles  the  assumption  that  the  cavity  thickness  is  small  compared  with 
blade  spacing  can  no  longer  be  expected  to  hold,  except  for  very  small 
angles  of  attack.  An  shown  in  the  curve,  the  force  coefficient  for  the 
isolated  hydrofoil  is  approached  as  the  solidity  decreases.  However, 
once  again,  we  see  that  for  solidities  of  0.5  and  larger,  the  cascade 
effect  is  prominent. 
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The  curves  as  plotted,  are  terminated  at  the  points  where 
ij c  is  a  minimum.  Here  again,  the  point  is  illustrated  that  the 
mean  conditions  seem  to  be  the  natural  choice  for  reference. 

In  the  remaining  curves,  Figures  23  to  28,  the  behavior 
of  the  downstream  conditions  is  illustrated.  Here  again,  the  curves 
are  terminated  at  the  point  of  minimum  ,^/c.  It  may  be  pointed  out 
that  at  fi  =0°  the  theory  gives  V^/Vj  as  unity,  but  shows  that  ot  ^  is 
still  variable  and  not  equal  to  This  apparently  is  a  violation  of 

the  continuity  equation  which  would  necessitate  o £  o t^.  This 

discrepancy  is  due  to  the  linearization  procedure  which  neglects 
quadratic  terms. 

VII.  Conclusion 

>  linearized  theory  has  been  presented  for  the  partial 
cavitation  in  a  cascade  of  flat  plates.  The  results  have  been  presented 
in  such  a  way  that  they  may  be  useful  as  a  guide  in  the  design  of 
turbo-machines  and  other  applications.  From  the  results,  it  is 
possible  to  determine  the  cavity  length,  lift  coefficient  and  downstream 
conditions  for  any  desired  cavitation  condition  for  a  given  specific 
cascade  geometry  and  initial  upstream  conditions. 

The  limitations  of  the  theory  are  stressed  and  it  is  shown 
that  the  cascade  effect  diminishes  the  singular  behavior  at  the  end  of 
the  cavity.  In  the  case  of  the  isolated  foil  the  theory  holds  good  up  to 
a  ratio  of  cavity  leng'h  to  chord  length  of  approximately  0.74, 
whereas  in  the  cascade  flow  this  ratio  varies  from  about  0.8  for  small 


solidities  up  to  0.95  for  larger  solidities. 
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It  is  further  shown  that  for  solidities  of  0.5  and  over,  the 
cascade  effect  is  appreciable  and  cascade  interference  effects  cannot 
be  neglected  in  this  range.  However,  for  solidities  smaller  than  0.5 
the  cascade  effect  is  relatively  small  and  the  isolated  case  may  be 
used  as  a  fairly  good  approximation  provided  that  the  mean  conditions 
are  taken  as  reference  quantities. 
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^ppendix  1 


From  equations  (10)  and  (12)  we  get 

tan*  =  sir  tan/* 


hence 

O'  Tf 

COS/S 

a  =  e  ' 

for 

<j-  -v  °° 

hence 

=  -  cos  ft  fna  +  ^  sin  p 


-2f tan  p 


nt  [  1  +  £  -Zisinpj 
£  cos  /S 

tan  *i  -  HTOT/ 


a  -*  cd,  if -* 
1/4 


„2  -  i 

r2  -  0  • 

Therefore  we  get  that 


.  icos/3 

sin  Yj  =  2 

nl 

1  -  /  sin  /* 
cos  Y !  =  2  ~ 

nl 


and 


sin 


j  yj  nf-\+lcosp 
VT  nj 

Yj  V  n^+1  -£sin ^ 

cos  — y  - 7= - 

>/T  nt 


Substituting  in  (21)  gives 
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V 

(1+  -*-)  =  cos  «.+  sin  9. 


(nj2-l)  Y  nj2+l-^sin^  +  VTi  •in  p 
(nj2+l)  n*  -1+  Jl Bin p  -  V2  l  cos  fi 


If  we  now  change  notation  to  that  of  /costa  and  Hollander,  we  get 

nl 5  £.  3  b:  ^3  3  If  '•  a  ol 

and  we  further  replace 


(1  +  y-  )  by  VHK 

then 

Vl+K  =  cos  ot  -  sin  « 


(1-jZ2)  Vi  Z+l-b  »in  y  -  VTb  sin  Y 
(l+£2)  V|,2-l+b  sin'lf  -  VTb  cos  If 


.After  some  manipulation,  this  reduces  to 

(1-  t2)cos  t-yfzl  VT 

y  l+K  =  coast  -  ainet  b coa  If —  - - 

1  -'+».>„'  u+i2)co.r-VT’/yi+ 

which  is  the  expression  given  by  Acosta  and  Hollander. 

Further,  we  see  from  equation  (22)  that  since  E  — ► 


1-bsin  t 

~TZ 

1-b  sin^ 


0  as 


sin  Y 


cos  Y 


(T  -►od  we  get  0^2  a  0  for  all 
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/ppendix  II 


In  the  expressions  for  D  and  E  we  expand  each  term  in 
powers  of  t  ,  for  small  JL  ,  retaining  powers  up  to  and  including  0(  £3) 

+  +  Tl]  BinV  0(*4) 

.  2  lj  4a 

y  *  ~ 1  ^  -(!+  j)*™  (j-sin2^)(l-  lj  )£Z+  0 (£3) 


sin  Vj  ^  cos  ^  £  +  aini^  cos  Z  -(  -y-^  -sin  y  )cos  «f  t  +  0(.£4) 

2 


2.(£^£  ..in2* 

8in  y2  „  £2L±J.  sin^^^co^l  ,  cojf£J+  ^4, 

a  a 

co.^.^  s yli  +  (,in^  .s^£ )  s°£L{ >+  0(i- 


ninYz  co"  ?r2in  1  v  sin<fcos2$>  .3  .  .4 

y  8in*y - 45“*  t  +(1-  r)  - - *-  £  +  0(£ 


sin 


4a 


r  i  .  r2  cos  <f  ,  sin<f  cos  if  ,  2  .cos  <#  .  3cos*<f  sin  ?  ,  cos  cf  ,,3  n,  ,4, 
cos  ysin-y  <v  25  £  ^ - 2-i  -(-y-*+— ^yt-  — +  0(t  ) 

2a  8a  a 


Utilizing  these  expressions  we  obtain 


D  = 


(g-+  — -j  )s  in2^  cos  <^  +  ( g-  -  -y)cos3<f  +  (1+  i)  sin  ^cos2(f  tan  p 

8a  8a 

+  0(£4) 


E  = 


-(-gr  +  — 7+  -^yJsin2^  cosf+(^  -  -iy  )cos"'J+ (1+i)  ^  sin^cos"^ tan^  1/ 
4a  8a  8a 


+  0(£4) 


hence 


[(§■+ JT  +  — y)sm2f  c°8^+(g- - ^)cos3f  +(l+4)?5  sin$cos2<y tan p 

D  L  8a  8a 


E'var',1.  1  .  1  7~2 


■  ■■  ■'■■■.n  ■  ■  '*"■ 1  — ■  — ; 

(  g+  +  — -jjsin  ^  cos^+  ( g  -  —  y)cos  cp  +  {1+  — )  j —  sinjcos  ^ tan  p 

8a*  8a*  ‘  %  1 


+  0(£) 
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Now 


a  - 1 


substituting  for  tan  /j  =  ——tan  ^  in  above,  gives 


|r~a+0(i)  as  i  0 


thus 


c  Bi  _L_ 

'"'L  0-  cos. 


a- 1 
a+1 


sin  x 


m 


as  £  -*■  0 


which  is  the  classical  fully  wetted  cascade  flow  result.  Now,  when 
^3  =  0,  a  =  eriT  then 

^  _  ,  tanh(<rir/2)  _ 

L.  S  6TT  T""  f  a  f  Sill  Ot 

L  (o-it/2)  m 


for  the  isolated  hydrofoil  (T-»0  this  reduces  to 


C.  =  2it  ot  . 
L  m 


-26- 


Appendix  III 

We  preaent  here  the  Fortran  Source  Program 
the  computation  of  the  results  presented  in  this  report, 
used  is  self  evident  from  the  program. 


as  used  in 
The  notation 
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OIMCimS  !U»  FLOP (600)  ,ElCN(  500)  ,AP( 5C0) ,AN<500)  • 

XHP<  SCO) , r  .'4 1  40G)  ,CP<  500)  ,CN(  5C0)  , DP (500)  ,DN<500) 

5  FI.UMTIIH  ) 

14  FORMAT ( 41 j.FIG.U) 

15  FOKMAI <41 15.8) 

16  FUKMAT <6116. b) 

20  F ORMA  T  (  S!GMA*E  16.0, 7H  HFTA*El6.d, 

X3H  A»£l6.8,aH  PH1*L16.B,7H  ALPHl*E16.H> 

30  FUKMAT ( Ih  , FJ . 3, 8F 12.4.F3.4 ) 

22  FORMAT  (  6X , lHL.rtX, l HK , 7 X , OHK /2 ALPH 1 , AX, 4HALF2 , 
X4X,t,HALF<  / 1 ,6X,5HV2/Vl , 'IX  ,  2HC  L  ,  6X ,  9HDCL /DALFM, 
X8X,2HlC,4X,4H).C/C  ) 

133  FuRMAT<  IH  tic  1 2  *  4  ) 

PAM1F< A, i* l,W2)*W l-W2*L0GF (A) 

PAM2F  (  A,W  3)-AT  4NF  (  (  A- 1 .  )  *V  3/ (  A*  l  .  )  ) 

READ  14, NS  lii.NdEf  ,  N  AL  ,  NITL  ,  CONS T 

READ  IS.SIi.MO.nSlG.BETO.mjCl  ,ALPHO,DAL,  AO ,  DAO ,  ELD ,  DEL 

S IoMA-SIGMU 

0(1  5000  1  S IG*  l , NS  IG 

0ICK*3.l4l5Y2A*SI  GK  A*0  •  5 

RFT A»BFTU 

OU  400'J  liU  1  =  U.SriET 
Wl  -niCK/Sl.JKbcTA  ) 

W3*S1NFC'LIA)/C0SF(HETA) 

W2=0.5/fc3 
A1  AU 
OA-OAU 

40  Yl-PAMlf ( A,Kl,W2) 

Y2-PAM2F ( A,W3 ) 

Y3*(Yl-Y2)/(Yl+Y?  ) 

Y4  =  A8SF ( Y  3 ) 

IF  (  Y  3  )  5  'J  *  1 1.0, 60 

50  IF(Y4-CuwSI) ICO, 100,55 

55  A=A-OA 
PA*OA/lC. 

A*  A  +  DA 
GU  TO  40 

60  A«A*OA 
GO  TO  4C 
100  PH  I *Y  1 
L  *0 

DO  3000  I  EL* 1 , NEL 
F  1  =  IEL* IEL 
CL=F1*CCL 
F 1= ( l . ♦EL  *FL ) 

F 2— ( l •♦( (EL/A)**2)  ) 
f  3*2.«liL*SlNF(PHl  ) 

ENP 14*F 1-F 3 
ENP24*f  2  ♦  (  F  3  /  A  ) 

ENN14*F l  +  F  3 
E>6M24*F 2—  (  F  3/ A  ) 

HAP*ENPl4/cNP24 
HAiM*LNN  14/LHN24 
F  1*EL  •C'.ISF  ( PHI )  •  (  A-  1 «  ) 

F2=EL*EL*S(NF(2.*PHI) 

F3«A  +  CL»FL*CnSF( 2 ,*PHI  ) 


28 


F4*(A-l.)*LL*SlNFtPHl  ) 

CPHA*-(ri  ♦l'2)/(n-F4) 
oNHA—lF  l-F2)/(F  3*F4> 

IF1PHI-0. /S|  3010, 3010,  J020 

3010  GAMP* A  f  ANF ( GPHA ) 

G AMN* AT  ANF  ( GNHA  ) 

go  rn  iO'iO 

3020  lF|liNHA)302l,  3021. 3G2  2 

3021  GAmn*A1 ANF(GNHA) 

GO  TIJ  3o20 

3022  0 AMN*  AT  ANF  (ON  HA)  -  3 .  14  1  ‘>926 

3028  IF(GPHA)30JG,  30  30*  3029 

3029  L  * l 

3U3C  IF(U  3o 31,  3031, 3c40 

3031  GAMP*AI ANF (GPHA) 

GO  TU  3050 

3040  IF(GPHA)3C45, 3042,3042 

3042  GAMP*  AT  ANF 1 GPHA ) 

GO  TO  JCaO 

3045  GAMP* A  T  ANF 1 GPHA )♦ 3. 14 159 2A 

3050  CLCP1  ir.U  *COSF(PCTA»*LOGF(HAP  1-2. *SINF ( HE T A ) *GAMP 
EICNl  I  H. )  =  GGSF  1  OF  I A )  *Ll'GF  1  HAN  )  ♦  2  •  *S  l  NF  I  P.t’  T  A )  *G  AMN 
Fl*SUKTHL  IP  1 4  1 
ENPl*  SOR I F ( F 1 1 
Fl*S«RIF(FNP?4) 

FNP2*SoRTF(Fl  ) 

F 1 *SQK  f F ( E  IN 1 4  ) 

ENNl*  SQRTF (FI) 

Fl«SWRir (ENN24) 

ENN2*S0HTFim 
F l*cL*CnsF ( PHI } 

F2*EL  »S InT ( PHI ) 

TP  l  *F 1 / 1 1.-T2) 

TP2  =  F  1/ 1 A*F? ) 

TN1*F  1/  1 1  •  ♦  F  ?  ) 

TN2*F 1/1 A-F2) 

FPI*1./SQR1F< l.*FPl*TPl) 

FP2=l./SwRiri l.*TP2*TP2> 

FNl * l • /  SOK  f  F ( l.+TNl*TNl) 

FN2*  l  .  /  $U'R  1  F  1  l .  ♦TN2»TN2  ) 

SP  1  *  AI1SF (  T P  l  * F P 1 ) 

SP2*  A8SF  1  TP2*FP2> 

SNl*INl*FNl 
SN2=ABSF( T I2*FN2) 

CPI* S I GNF ( F P l » I P l  ) 

CP2  =  F,P? 

CNl*FNi 

CN2*S  IG.NF  (  FN2  »  TN?  ) 

SPHl=S0RTF(u.5*< l.-CPl) ) 

SPH2*  SOP  1  F 1 C . 5*  1 1.-GP2) > 

SNHl*SORTF 10.5*1 l.-CNl) ) 

SNH2=S0RTF(0.5*( 1.-CN2) ) 

CPH 1  =  SQR I F ( J • 3* 1  l.+CPl) ) 

CPH2*SgRTr (0.5*1 l .+GP2) ) 

CNHl  =  SU|7TF(u.5*l  l.+CNl)  ) 

CNH2*S0KTF (0.5*1 l .♦CN2  > » 
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FPl*ENPl/FNP2 
FP2*l./FPl 
FNUCNNl/F  IN? 

FN2M  ,/FNl 

F0=  <;  1  :>lf  I nC i A) /COSF I  BE  1  A ) 

Fl-FPl*FP2 

F2=FPI-Tp2 

F  J=SPH1  »SPh2«*F  <.’*FU 

T4^Fl»FU 

F5-F2*CPHl«CPH2 

API  ICL  )-T  1  »SPH1*CPH2-SP1-F3 

BP  I  ILL  )-*SP2-ri»SPH2*CPHl-F3 

CPI  IEL)=F5*SPl*FO-r  l«CPHl*SPH2*FC) 

DPI  l£L  )  *SP2*Fi)-F5-F  1 « SPH 1  *CPH2« F 0 

FO=-FO 

Fl*FNl*F;i? 

F2*FN1-FW? 

F3*$NH1«$> MH2»F 2«FO 
F  4  =  F  1  *  F  0 
F5=F2*CNi:l*t)H2 
AN  (  IEL)-F1*SNHI  »CNH?*"SN  1  -  F  3 
BN I  I  EL) *5N2-F 1*SNH2*CNH1-F3 
CM  I  CL ) =F  5«  SN 1 • FO-F 1 *CNH l *SNH2*F0 
3000  ONI  I  EL  )  =SN2«Fu-FS-F  l*SMHl»CNH2*m 

alphi*alph;> 

0(1  3500  1  41.  =  l »  N  AL 
PRINT  6 

PRINT  20,S10NA,BFTA,A,PHI ,ALPHl 
PRIM  5 
PRINT  22 
PRINT  4 

011  3150  I  L L  =  1  »  J l' L 

F1*IEL»IcL 

CL=F 1*DTL 

CAPO  =  CP| ILL )/API I  EL  ) 

C  AP A*  2  .  * ALPH1  *C API) 

ALPH2*BP I  ILL)/ I  OP  I IEL ) ♦! API  I  EL ) *  I l . +CAP 4*0 . 5 ) / 
AALPHU) 

ALPH2I  =  ALPII?/ALPH1 

V?V l-BP I  I  CL ) / I  API  ILL )*ALPH?l  ) 

F l  =  A P I  I  EL ) /HP (  I  T L  ) 

0CL»4.*IFl- 1. ) /I IFl  +  l. )*SIGPA«COSF«BETA)  ) 

F2-ALPHUBE  I  A 

F4=SINF(F2)/C0SF(F2) 

F2 «  ALPH2  +  BE  T  A 

F5  =  SlNF(F2)/C(iST(F2) 

F3=0.5*|F4tT5) 

IFIF3J3105, 3110,3110 
3105  ALPHM*ATANF I F3) -BETA* 3. 1415926 
GO  TO  3115 

3110  ALPHM*A IANF  IF3)-(3ETA 
3115  CLL*DCL»ALPOM 

ri-ELCPI l C  L ) / I  4 . *0  I CK ) 

3150  PRINT  30, FL, CAPA, CAPO, ALPH2,ALPH2l,V2Vl,CLL,nCLt 
XCLCPI  iri.  ) ,  I- 1 
PRINT  5 
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FI—  BETA 
F2«-PHl 

PRINT  2(.,SlGMA,Fl,A,F2  ,ALPHl 
PRINT  5 
PRINT  22 
PRINT  5 

DU  3250  I Ll -  1 »iEL 
FIMLLMLL 

ll=f i »ur  l 

CAPn-CM  IFL  I/ANI  IFL  ) 

CAPA=2.*CAPli»ALPHl 

ALPH2»RN(  l  r  L  )  /  (  ON  ( I  EL )  +  (  AN|(  I F  L  I  •  (  L  .  *C  AP  A*0 . 5  )  / 
XALPH1  )  ) 

ALPH21=ALPH2/ALPHl 

V2Vl=rtN(  ItU/I  AN!  IFL  )*AU»H21  ) 

Fl-ANI  KLJ/KN{  IFL  ) 

DCL-4.*(Fl-I.  J/UFl  +  l.  )*1IGMA*CuSrIBtTAM 

F?-ALPHl-BtfTA 

F4-SINF(F2)/CUSF{F2) 

F 2-ALPH2-HL  T  A 
F5=SINF(F2)/COSf  (F2) 

F  3  =  0. 5» ( F4*F  5 ) 

1FIF3) 3210, 3210,3205 
3205  ALPHB^M ANFIF  3)+0£TA-3. L4I5N26 
GO  TO  3215 

32  lo  ALPHP*UANF(F3)«-bETA 
3215  CLL*OCL * ALi'HM 

F l =ELCN ( ILL  1/(4. *DICK) 

3250  PRINT  3U,EL,CAPA,CAPOtALPH2,ALPH2l,V2Vi,CLL,OCL, 
XCLCNI ILL), Ft 
3500  ALPHl-ALPHl+OAL 
4000  BET A*ttFTA  +  DbET 
5000  SluMA=SlG*A+OSlG 
CALL  EX  1 1 
F.  NO 
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Fig.  1  Partially  cavitating  cascade  of  flat  plates. 


Fig.  2  Linearized  boundary  conditions  in  physical 
z-plane. 


C -PLANE 

Fig.  3  Auxiliary  5-plane. 


t- PLANE 

Fig.  4  Auxiliary  t-plane. 


z  -  PLANE 


Fig.  5  Integration  contour  in  z-plane. 


Fig.  6  Ratio  of  cavitation  number  to  twice  inlet  angle 
va.  cavity  length  to  chord  length  ratio  for 
various  stagger  angles  p,  at  a  constant  solidity, 
O  =  0.25. 


•*c  /c 


Fig.  7  Ratio  of  cavitation  number  to  twice  inlet  angle 
va.  cavity  length  to  chord  length  ratio  for 
various  atagger  angles  p,  at  a  constant  solidity, 
a  =  o.  50. 
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Fig.  8  Ratio  of  cavitation  number  to  twice  inlet  angle 
va.  cavity  length  to  chord  length  ratio  for 
various  stagger  angles  |3,  at  a  constant  solidity, 
0  =  0.75. 


Vc 


Fig.  9  Ratio  of  cavitation  number  to  twice  inlet  angle 
vb.  cavity  length  to  chord  length  ratio  for 
various  stagger  angles  P,  at  a  constant  solidity, 
O  =  1.  00 


Fig.  10  Ratio  of  cavitation  number  to  time  inlet  angle 
vs.  cavity  length  to  chord  length  ratio  for 
various  stagger  angles  f),  at  a  constant  solidity, 
O  =  1.25. 
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Fig.  11  Ratio  of  cavitation  number  to  twice  the  mean 
flow  angle  vs.  cavity  length  to  chord  length 
ratio  for  various  stagger  angles  p,  at  a  Q 
constant  solidity  0  =  0.25  and  inlet  angle  of  6  . 


Fig. 


12  Ratio  of  cavitation  number  to  twice  the  mean 
flow  angle  vs.  cavity  length  to  chord  length 
ratio  for  various  stagger  angles  p,  at  a  n 
constant  solidity  ff  =  1. 00  and  inlet  angle  of  6°. 
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Fig.  13  Ratio  of  mean  cavitation  number  to  twice  mean 
flow  angle  vs.  cavity  length  to  chord  length  ratio 
for  various  stagger  angles  (3,  at  a  constant 
solidity  <7  =  0.25  and  inlet  angle  of  6°. 


Fig.  14 
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Fig.  16  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  fi  =  -30°. 


Fig.  17  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  (3  =  0°. 


Fig.  18  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  {3  =  15°. 


Fig.  19  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  P  =  30°. 
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Fig.  20  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  p  =  45°. 


Fig.  21  Ratio  of  lift  coefficient  to  mean  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  P  =  60°. 
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Fig.  22  Ratio  of  lift  coefficient  to  mean  flow  angle  vg.  ratio  of  cavitation  number  to  twice  inlet 
angle  for  various  solidities  at  a  given  stagger  angle  P  =  75°. 


Fig.  23  Outlet  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet  angle  for  different  inlet 
angles,  at  constant  stagger  angle. 


Fig.  23  Outlet  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet  angle  for  different  inlet 
angles,  at  constant  stagger  angle. 


Fig.  24  Ratio  of  downstream  velocity  to  upstream  velocity  vs.  ratio  of  cavitation  number  to 
twice  inlet  angle  for  different  inlet  angles,  at  constant  stagger  angle. 


Fig,  25  Outlet  flow  angle  vs.  ratio  of  cavitation  number  to  twice  inlet  angle  tor  different  inlet 
angles,  at  constant  stagger  angle. 


erent  inlet 


Fig.  26  Ratio  of  downstream  velocity  to  upstream  velocity  vs.  ratio  of  cavitation  number  to 
twice  inlet  angle  for  different  inlet  angles,  at  constant  stagger  angle. 


Fig.  26  Ratio  of  downstream  velocity  to  upstream  velocity  vs.  ratio  of  cc  vitation  number  to 
twice  inlet  angle  for  different  inlet  angles,  at  constant  stagger  angle. 


angles,  at  constant  stagger  angle. 


Fig.  28  Ratio  of  downstream  velocity  to  upstream  velocity  vs.  ratio  of  cavitation  number  to 
twice  inlet  angle  for  different  inlet  angles,  at  constant  stagger  angle. 


Fig.  28  Ratio  of  downstream  velocity  to  upstream  velocity  vs.  ratio  of  cavitation  number  to 
twice  inlet  angle  for  different  inlet  angles,  at  constant  stagger  angle. 
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